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Abstract 
Introduction: Wrist-worn devices such as the Apple Watch have emerged as 
technology for tracking physical activity. The aim of this research study is to analyze 
the Apple Watch Series 7 (AW7) with measurements of the maximum heart rate 
(MHR) and maximum energy expenditure (MEE) during a maximal aerobic capacity 
test on the treadmill. AW7 measurements will be compared to the Polar Heart Rate 
Monitor (Polar) and the PARVO Metabolic Cart (PARVO). 
Methods:  22 healthy and active subjects (mean ± SD: age 23.8 ± 4.0 years; BMI 
23.0 ± 5.9 kg/m2) volunteered for the study. The subjects confirmed their activity, 
health status, and were measured for body composition and aerobic capacity. 
Results: No significant difference was found in MEE between PARVO (109.6 ± 
41.7 kcal) and AW7 (98.7 ± 24.3 kcal) conditions; t(21)=1.5, p = 0.153. In addition, 
there was no significant difference in MHR between PARVO (186.2 ± 16.2 BPM) 
and AW7 (189.3 ± 8.5 BPM) conditions; t(21)=-0.9, p = 0.379. 
Conclusions: The main findings of this study show that the MEE as well as the 
MHR between the AW7 compared to the PARVO are not different.  
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Introduction 
The Apple Watch (AW) as well as the Samsung Watch are suggested the most 
prominent wrist-worn devices 1. Statistics show that within the last three months of 
2016, Apple shipped out more smartwatches than the industry of Swiss watches 
combined 2. The popularity gain of the AW has been granted as a convenient health 
monitoring wellness tool 3. It provides physiological features such as estimations of 
maximum energy expenditure (MEE), maximum heart rate (MHR) measurements, 
exercising minutes and total minutes of standing, which finally promotes a healthier 
lifestyle 4,5. However, despite the popularity of wearing an AW for fitness tracking, 
their validity in measuring MHR as well as MEE must be confirmed. Previous 
research suggests that the MHR measurements of AW are generally reliable, whereas 

MEE is not 6-9. 
 
Heart Rate Measurements of Apple Watches 
The AW assesses heart rate (HR) using skin photoplethysmography, which allows measuring HR through green and 
infra-red lights as well as photodetectors to examine changes within the blood volume slightly below the surface of the 
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skin 10. Through previously conducted research it can be identified that the AW does in fact provide precise MHR 
readings in terms of one’s performance (i.e. running at different velocities, walking, resistance exercise, cycling, and 
elliptical) 6-9,11,12. There were multiple studies comparing the accuracy of the MHR to either a 3- or a 12-lead 
electrocardiogram, whereas all of them confirmed the AW to be a valid instrument of measuring MHR during different 
activities 6,7,13-15. Other studies confirmed the accuracy of the AW MHR measurements through comparison with a 
Polar heart rate monitor (Polar) chest strap 8,9,11,12 and/or electrocardiographic limb leads 11,12. Additional studies have 
shown that the MHR was most accurate during sedentary behavior and walking, however, as running speed and 
intensity increased, measurement errors did as well 11,12,15,16. Furthermore, most studies included multiple wrist-worn 
devices to compare the MHR accuracy among the different brands, whereas the AW measurements consistently 
provided the lowest error 6-9,11,12,14,15,17-19. Since the AW is the most accurate wrist-worn device for measuring MHR, 
even across different series (series 1-6), it is suggested utilizing the MHR measurement of those watches for cardiac 
rehabilitation 6. One previous study assessed the first three stages of the Bruce Protocol, however to date, no studies 
have compared MHR measurements of the AW series 7 (AW7) during a maximal oxygen consumption test (VO2 max 
test) 14. Overall, previously performed studies conclude that MHR measurements from the AW across different series 
provide accurate results. Moreover, when comparing the AW to other popular wrist-worn devices, it consistently shows 
the lowest error rate for MHR measurements as well as MEE estimations 7,8. 
 
Energy Expenditure Estimations of Apple Watches 
The AW possesses the function of estimating the calories burnt during various activities as well as the total daily MEE 
5. The MEE displayed on the AW gets predicted through the individual’s metabolic rate 8,20. The metabolic rate is 
another prediction based on a person’s gender, weight, and height, which can be modified on an iPhone app that 
connects to the AW 5. However, the outcomes of previous studies show that the reading accuracies of MEE on AW 
varies between the series as well as the intensity level of exercise performed when comparing to an indirect calorimetry 
6-9,13,14,17-19,21-25. Most studies included multiple wrist-worn wearables to determine which device consistently produced 
the lowest error rate for measuring MEE during various activities 7-9,14,17-19,22-24. The results showed that the AW 
provided the most accurate results across multiple studies compared to all other wearables tested 7-9,18,19,23,24. However, 
the error rate was still too high to consider the AW a valid instrument for measuring one’s MEE during exercise 6-

9,13,17,19,23. On the contrary, studies indicated that the AW series 1 and 2 are valid measurements of MEE during running 
on the treadmill when compared to the indirect calorimetry 25,26. It is well supported by previous findings that the MEE 
estimations of AW have poor accuracy, however, it is important to note that there has only been research done with 
Apple Watches up to series 6.  
 
As an overview of the literature, the results show that the MHR assessment of AW during different physical activities 
is accurate, whereas the MEE measurements tend to be inaccurate. The purpose of this study is to compare the AW7 
with the metabolic cart (PARVO) during a Bruce Protocol VO2 max test to provide a better understanding of the 
measurements of MHR and MEE. The literature shows that the AW measurements of MHR and MEE have not been 
compared to a criterion device during a maximal exertion test. It is hypothesized that the MHR assessment results will 
be indifferent as past AW models have shown precise measurements whereas the MEE will be different when 
compared to a PARVO during a maximal exertion test.  
 
Scientific Methods 
 
Participants 
25 participants originally enrolled in this study, whereas only 22 participants were able to complete the study. All the 
22 subjects (mean ± SD: age 23.8 ± 4.0 years; height 175.2 ± 10.4 cm; weight 70.4 ± 6.1 kg; BMI 23.0 ± 5.9 kg/m2) 
volunteered to be a part of this one-time interaction study. After the subjects entered the lab, they were asked to read 
and sign the informed consent form, while researchers were there to answer any upcoming questions about the 
procedure. To be excluded from the study, the subject must have had or still has heart issues, dizziness, prescribed 
medication for a chronic medical condition, or any injuries stopping the participant of running. The study was approved 
by the Nova Southeastern University Institutional Review Board and subjects provided informed consent to participate 
in the study.  
 
Protocol 
Physical Activity Readiness Questionnaire for Everyone 
Participants filled out the Physical Activity Readiness Questionnaire for everyone (PAR-Q+) to evaluate their health 
status. It is confirmed that the PAR-Q+ serves as an international standard screening tool to assess the risks in pre-
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physical activity participation 27. The requirements to complete the study were for the subjects to be healthy, active, 
and aged between 18-45 to participate. To be considered active, the subject must be regularly trained, meaning at least 
work out twice a week for the past consecutive three months. If any questions of the first part within the PAR-Q+ are 
answered with "yes", the subject was excluded from the study, as the health status of the individual was not considered 
"cleared" to complete the testing.  
 
InBody Assessment 
The subject’s height was measured and an InBody assessment was taken, to assess their body composition. The body 
composition evaluation includes measuring weight, lean body mass, fat mass, total body water and percent body fat. It 
is suggested that the InBody scan is a reliable tool to use for body composition assessments 28. 
 
Rate of Perceived Exertion Scale 
The rate of perceived exertion (RPE) scale is a way of measuring self-reported physical activity intensity, whereas it is 
suggested that the CR-10 Borg Scale is a well-accepted tool in monitoring the subject’s load during testing 29. The scale 
ranges from 0 (nothing at all) to 10 (extremely strong, almost max). Thus, whenever an RPE of 10 was indicated by 
the subject, the test was concluded soon thereafter as the maximal aerobic capacity (VO2 max) of the individual was 
reached. Furthermore, the subjects were instructed to push the red button on the treadmill saying "STOP" in case of 
emergency.  
 
Maximal Oxygen Consumption Testing 
Subjects were prepared for the laboratory exercise testing. The researchers adjusted the gender, age, weight, and height 
on the AW activity app as well as on the PARVO. The PARVO analyzes the subject’s oxygen consumption, which is 
the air expired of the participant during running on the treadmill to measure the MEE. It is concluded that metabolic 
cart testing is suitable for both maximal as well as submaximal aerobic capacity testing 30. The VO2 max test is 
performed using the Bruce protocol 31, whereas it is determined that the Bruce protocol is a traditionally used 
measurement to assess the maximal aerobic capacity for healthy subjects 32. The subjects were informed that whenever 
they give up, meaning they have reached their VO2 max, they can step off the treadmill and the test will be stopped 
immediately both on the PARVO and the AW7. The subjects were asked to refer from any talking or grunting during 
the test, as this can alter the MEE measured by the PARVO. Prior to testing, participants were assisted in the  
positioning of  the AW7, Polar chest strap model H10 for the MHR measurement as well as the facial mask covering 
the nose and mouth for the PARVO to obtain the MEE measurement. The Polar assesses MHR through the PARVO; 
thus, this study compares the measurement of MHR of a wrist-worn device (AW), and a chest strap (Polar). The Polar 
chest strap’s validity has been approved 33. Then, the subject was finally ready to step onto the treadmill. The AW7 
and the PARVO were started at the exact same time. The RPE and MHR was assessed after each stage of the Bruce 
Protocol (every 3 minutes), whereas the subject pointed at the number indicating the RPE level and the MHR was read 
from the AW7. As soon as the subject reached its maximal effort, the test was ended on the watch and the metabolic 
cart at the same time. Then the mask was then removed, and the subject walked around the laboratory for 2 minutes. 
After those 2 minutes, the MHR was read again from both the AW7 as well as the Polar for any potential differences. 
 
Statistical Analysis 
Descriptive statistics (means and standard deviations) were calculated for age, height, weight, and BMI. A paired 
samples t-test was utilized to compare MEE and MHR between PARVO and AW7. Pearson’s Correlation was utilized 
to analyze relationships between multiple variables; MEE (PARVO and AW), MHR (PARVO and AW) height, weight, 
VO2 max, and body fat percentage. Significance was set at P ≤ 0.05 and all analysis was conducted via SPSS version 
27. 
 
Results  
All descriptive data including age, height, weight, and BMI was calculated for the subjects. A paired samples t-test was 
conducted to compare the MEE and MHR using the PARVO and the AW7 during a VO2 max test. Below shows that 
there was no significant difference between the PARVO and AW7 when comparing the MEE and MHR during the 
maximal aerobic test with the conditions (Table 1).  
 
A Pearson correlation analysis was run, to find significant relationships between variables. Below shows the Pearson 
correlation analysis of MEE (from PARVO and AW7) and MHR (from PARVO and AW7) with multiple other 
measured variables (Table 2). 
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Table 1. Comparisons between AW7 and PARVO of MEE and MHR  

 PARVO (n = 22) AW7 (n = 22) p-Value (n = 22) 

MEE (kcal) 109.6 ± 41.7 98.7 ± 24.3 p = 0.153 

MHR (BPM) 186.2 ± 16.2 189.3 ± 8.5 p = 0.379 

*Significant Value p ≤.005; ** Significant Value p = <0.001 
 
Table 2. Correlations between multiple variables of MEE and MHR  

 MEE PARVO MEE AW7 MHR PARVO MHR AW7 

Height (cm) r = 0.597 
P = 0.003* 
 

r = 0.186 
P = 0.406 

r = 0.206 
P = 0.358 

r = 0.105 
P = 0.643 

Weight (kg) 
 

r = 0.541 
P = 0.009* 
 

r = -0.034 
P = 0.879 

r = -0.098 
P = 0.664 

r = -0.144 
P = 0.522 

VO2 max 
(mL/kg/min) 

r = 0.772 
P = <0.001** 
 

r = 0.729* 
P = <0.001 

r = -0.248 
P = 0.265 

r = -0.200 
P = 0.372 

Body fat (%) r = -0.572 
P = 0.005* 

r = -0.335 
P = 0.121 

r = 0.122 
P = 0.590 

r = 0.210 
P = 0.349 

     

*Significant Value p ≤.005; ** Significant Value p = <0.001 
 
Discussion 
The outcomes of this study show that there was no significant difference between the MHR measurement of the Polar 
when compared with either the PARVO or AW7. This aligns with previous research, where the MHR measurement 
of the AW had great validity, when compared to a 12-lead ECG, a 3-lead ECG, or a Polar H7 chest strap 6-9. Contrary 
to the results of another investigation, where they found that the MHR was slightly underestimated, the mean of the 
MHR of the AW7 in the present study was slightly overestimated compared to the PARVO 14. 
 
Like the MHR outcomes, when comparing MEE on both the AW7 and the PARVO, it also shows that there is no 
difference between the variables, which is in agreement with previously performed studies 21,22,25. Contrary to the results 
MEE found, most of the studies (performed with past models) do not suggest the MEE of AW to be valid as the 
measurement errors are too large 6-9,13,19,23,34.  
 
Moreover, the MEE PARVO had several positive correlations with other variables, such as height (r= 0.597, P = 
0.003) and weight (r = 0.541, P = 0.009), whereas the MEE AW7 did not have a significant correlation with any of 
these mentioned variables. This suggests that the AW7 is unable to take height and weight into consideration when 
tracking physical activity. Nevertheless, the present study is in alignment with studies previously performed where 
BMI, age, and sex did not influence the accuracy of the MHR AW7 and neither with the PARVO 11,12.  
 
Conclusions 
In conclusion, contrary to the hypothesis the results of the study suggest that not only the MHR of the AW7, but also 
its MEE measurement were indifferent from the PARVO assessment, coinciding with findings of previous studies. 
Thus, it suggests that the AW7 is a suitable instrument to measure both variables MEE and MHR when compared to 
the PARVO and Polar during a VO2 max test performed on a treadmill.  
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